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region, the pSMAC forms a ring of intracellular adhesion
molecules involved in the initial binding of the T cell to
the APC, and which may bring stability to the mature IS
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indicated central clustering of CD3 () and initial cluster-La Jolla, California 92037
ing of CD4 followed by partial exclusion from the IS,
suggesting that CD4 and  are not necessarily colocal-
ized during much of T cell activation, thus challengingSummary
the coreceptor model of CD4 (Krummel et al., 2000).
Association between TCR and coreceptors has beenThe diverse effects of TCR agonists and antagonists
demonstrated by comodulation (Anderson et al., 1988),on T cell activation are believed to be modified by the
cocapping (Kwan Lim et al., 1998; Rojo et al., 1989), anddifferential recruitment of CD4 or CD8 coreceptors to
coprecipitation (Beyers et al., 1992). The recent findingthe TCR-MHCp complex. We used three-dimensional
that coreceptor and TCR are colocalized in glycolipid-live cell imaging of fluorescence resonance energy
enriched membrane microdomains, particularly aftertransfer (FRET) between CD3 and CD4 fused to vari-
aTCR stimulation (Xavier et al., 1998), makes it difficultants of the green fluorescent protein to investigate
to determine whether the earlier studies measured aTCR-CD4 interactions during T cell activation. We
direct physical interaction or rather colocalization in thedemonstrate that recognition of agonist MHCp com-
microdomains. TCR-coreceptor interactions were alsoplexes triggers intermolecular interaction between
studied by fluorescence resonance energy transferCD4 and TCR, detectable across the T-hybridoma-
(FRET) between labeled Abs bound to the surface pro-APC contact area. This interaction is blocked by the
teins (Mittler et al., 1989; Vignali et al., 1996), showingpresence of antagonist ligands without decreasing the
both preexisting and Ab-induced interactions. Due torecruitment of  and CD4 or preventing their partial
limitations in the use of Abs on live cells, these studiescolocalization in the immunological synapse.
could not be extended to T cell activation by APC. The
timing, spatial arrangement, and quantitation of theIntroduction
physical interactions between coreceptor, TCR, and
MHC in the IS remain obscure, and it is unclear if andThe development and responses of T cells are governed
how the activities of altered peptide ligands modulateby stimuli generated through the T cell receptor complex
these interactions.(TCR), which span varying degrees of agonist, antago-
Antagonist and partial agonist peptides elicit distinctnist, and nonstimulatory signals (Davis et al., 1998; Gas-
patterns of  phosphorylation which can be mimickedcoigne et al., 2001). The coreceptors CD4 and CD8 act
by compromising CD4-MHC engagement during TCRto increase the sensitivity of TCR-mediated recognition
stimulation (Madrenas et al., 1997). Nevertheless, theof antigenic peptide-MHC complexes (MHCp) presented
response of CD4-negative T cells can be antagonized,by antigen presenting cells (APC), binding to conserved
emphasizing that TCR-proximal events are the primarysites on MHC class II and class I, respectively, thereby
source of antagonism (Hampl et al., 1997). While CD4potentially forming a ternary recognition complex and
enhanced recognition of agonist and contributed to par-contributing to the stability of the TCR-MHCp interaction
tial responses to antagonist peptides, its presence did
(Zamoyska, 1998). The cytoplasmic tails of CD4 and
not convert antagonist to agonist, suggesting that CD4
CD8 associate with lck, which phosphorylates multiple
selectively interacts with TCR and/or MHC depending
tyrosine residues on the TCR-associated, signal-trans- on the quality of TCR-MHC binding. To this end, we
ducing CD3 polypeptides. Thus, the coreceptors con- have employed FRET between chimeras of  and CD4
tribute to the generation of intracellular signals as well equipped at the intracellular termini with cyan or yellow
as to ligand recognition (Zamoyska, 1998). Differential fluorescent protein (CFP, YFP) to simultaneously visual-
involvement of coreceptors (Hampl et al., 1997; Ma- ize molecular interactions of TCR and CD4 in the IS in
drenas et al., 1997) along with quantitative differences living cells. The efficiency of FRET decreases sharply
in TCR-MHCp interaction (Davis et al., 1998; Gascoigne with the sixth power of distance beyond Ro (the free
et al., 2001) were proposed to generate distinction be- rotation Forster radius), practically disappearing above
tween different ligands. 2 Ro. For CFP and YFP, Ro 4.9–5.2 nm (Tsien, 1998),
TCR ligation of MHCp takes place in the contact area roughly the diameter of TCR, making it ideally suited
formed between the T cell and the APC, the immunologi- for detection of intermolecular associations between
cal synapse (IS). Ab-staining experiments show that a proteins. By three-dimensional (3D) imaging of FRET
central supramolecular activation cluster (cSMAC) con- between CFP and YFP, we demonstrate that the re-
tains TCR and signaling molecules on the T cell (Monks sponse to agonist peptide results in close-range molec-
et al., 1998) mirrored by clustering of MHC class II on ular interactions between the TCR complex and CD4
the APC surface (Grakoui et al., 1999). Peripheral to this coreceptor only within the IS. We provide direct evi-
dence that the -CD4 interaction is inhibited in the pres-
ence of antagonist ligands.1Corresponence: gascoigne@scripps.edu
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Figure 1. Principal of Experimental Design and Characteristics of Chimeric Proteins
(A) If CD4-YFP is brought into proximity to -CFP (10 nm), excitation of CFP results in energy transfer to YFP and fluorescence at 530 nm
with an accompanying decrease of CFP fluorescence at 480 nm.
(B) Chimeric CD4-YFP restores CD4-dependent IL-2 secretion, and -CFP does not interfere with TCR activation. The CD4 variant of A18
hybridoma (squares), CD4 A18 (triangles), or CD4 A18 transfected with CD4-YFP and -CFP (circles) was cultured with LK35 APC and
titrated C5p. Supernatants were tested for IL-2 by CTLL proliferation. Similar results were obtained using singly transfected CD4-YFP.
(C–F) Surface expression of -CFP in transiently transfected MA5.8 cells (C) (a -deficient variant of the 2B4 T helper cell hybridoma [Sussman
et al., 1988]) but not in TCR-deficient BW cells (D). Scale bar is 5 	m. -CFP is associated with TCR complexes: crosslinking of TCR
with aTCR-biotin followed by streptavidin-allophycocyanin (E) shows that at least 95% of surface -CFP is coincident with TCR (F).
(G) Quantitation of -CFP in relation to endogenous . Total  was immunoprecipitated from (1) CH1 B cells, (2) A18, or (3) A18.ZC.4Y cells
run on reducing (or nonreducing, lane 4) PAGE and detected with rabbit a-HRP (Santa Cruz). Densitometry of lane 3 bands at 46 kDa (-CFP)
and 16 kDa (endogenous ) showed a 2.2:1 ratio, and lane 4 (also developed with aGFP, data not shown) 87 kDa (-CFP2), 60 kDa (-CFP),
and 32 kDa (2) showed a 16.3:16:1 ratio.
(H) -CFP upregulates surface TCR in A18.ZC.4Y cells, detected with aV8.3 (thin line). Untransfected cells (thick line), control aV3 (shaded).
(I) A18.ZC.4Y cells (open profile) were sorted (based on YFP fluorescence) and stained with aCD4 to maintain surface CD4-YFP levels within
those on CD4 A18 cells (shaded, negative cells arise from spontaneous loss of CD4).
Results assuming stochastic pairing of the  polypeptides into
dimers, should result in 47% of -CFP2 homodimers,
43% -CFP heterodimers, and only 10% 2 homodi-Biological Activity of Fluorescent Chimeric Proteins
The principal of the experimental system is depicted in mers. Electrophoresis under nonreducing conditions re-
vealed 49% -CFP2, 48% -CFP, and 3% 2. Thus, mostFigure 1A. YFP and CFP were fused with the C terminus
of mouse CD4 and , respectively, using short linkers of the endogenous  was fluorescent through pairing
with -CFP, leaving the possibility of competition by theto confine the position of the fluorophores close to the
cytoplasmic domains. The A18 hybridoma recognizing remaining 2 homodimers unlikely and making it unnec-
essary to avoid expression of endogenous  chains.the C5 peptide presented by I-Ek (Z˙al et al., 1994) was
used for stable transfections. It is antagonized by the CD4-YFP and -CFP chimeras were cotransfected into
a CD4-loss variant of the A18 hybridoma (A18.ZC.4Y).113V (Volkmann et al., 1998) and 109A peptides (T.Z˙.
and B. Stockinger, unpublished data). Loss of endoge- Cells were sorted for CD4-YFP expression within wild-
type levels (Figure 1I). The -CFP chimera did not inter-nous CD4 rendered the A18 T hybridoma cells unrespon-
sive to agonist C5p/I-Ek, but transfection of CD4-YFP fere with T cell activation in the A18.ZC.4Y cells (Figure
1B) and promoted increased levels of cell-surface TCRrestored IL-2 secretion in response to Ag (Figure 1B).
-CFP did not reach the surface in cells lacking TCR (Figure 1H).
(BW) (Figure 1D) but did in -deficient MA5.8 cells
(Figure 1C). Ab-crosslinking of surface TCR showed Evaluation of the Ratiometric Method
of Visualization of FRET
95% of -CFP colocalized with TCR (Figures 1E and
1F). Thus, surface -CFP is associated with TCR. The When CFP and YFP are in close proximity, the fluores-
cence of CFP decreases with concomitant increase inratio of transfected to endogenous  was 2.2:1, which,
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the sensitized fluorescence through YFP due to FRET. have been described for CFP or YFP. Nevertheless, we
Simple ratiometric measurement of this effect is ham- tested whether the compensation factors, i.e., the ratio
pered for CFP and YFP and other donor-acceptor pairs of crosstalk through the FRET filter set to the fluores-
by substantial spectral overlap between the fluoro- cence through the CFP or YFP filter set, remained con-
phores. Therefore, an image registered with the FRET stant for clustered and nonclustered fusion proteins.
filter set (here called the CY image, i.e., CFP excitation, Cells expressing either -CFP alone or CD4-YFP alone
YFP emission) has three components: crosstalk from were imaged for all three filter combinations, i.e., CFP,
free CFP, crosstalk from YFP, and the actual sensitized YFP, and CY. YFP was not detected using the CFP filter
emission of YFP due to FRET. The crosstalk components set; likewise, CFP was nonfluorescent using the YFP
are spatially and temporally correlated only for con- filter set. The ratio of intensity of the CY image to the
structs in which both donor and acceptor fluorescent CFP image for -CFP or to the YFP image for CD4-YFP
proteins are part of the same polypeptide. In such a was constant regardless of the fluorophore concentra-
situation, the ratio of the total emission through the FRET tion or subcellular localization (Figures 2A and 2B). This
filter set to that through the donor filter set is indepen- was repeated with similar results for numerous cells and
dent of fluorophore concentration and provides a direct on different days. Therefore, there are no nonspecific
measure of FRET. In a heterologous experiment, i.e., changes in the spectral shape of fluorescence from CFP
where the donor and acceptor are on different proteins, or YFP in ISs that could affect the correction for crosstalk
the FRET filter set emission must be compensated for or that could be mistaken for FRET.
the crosstalk components due to the dynamics of the To evaluate FRET under the conditions of constitutive
fusion proteins (Gordon et al., 1998; Tron et al., 1984). proximity between CFP and YFP, we made a positive
In practice, the crosstalk from the acceptor is not tied control construct by fusing both CFP and YFP to the
to donor fluorescence and needs to be subtracted, while cytoplasmic tail of CD4. The fluorescence detected us-
the donor crosstalk is still correlated and becomes a ing the CY filter set was higher than the sum of
constant upon ratioing to the donor fluorescence. For bleedthrough from CFP and YFP, producing Fa/D 
each focal plane, three images (CFP, YFP, and CY) as 2.2  0.5 (Figure 2C). The additional component, which
well as calibrated compensation factors are needed to constituted over 50% of total raw fluorescence of the
calculate FRET. The CY image is first compensated for CY image, should be due to the energy transfer. We
the acceptor crosstalk by subtracting a predetermined checked this by measuring donor recovery after ac-
ratio of the corresponding YFP image. Then, the ac- ceptor photobleaching. If CFP and YFP undergo FRET,
ceptor-compensated FRET filter set fluorescence (Fa) is then upon removal of YFP the fluorescence of CFP
ratioed to the donor fluorescence (D), which cancels the should increase by an amount proportional to the appar-
donor crosstalk and returns a unitless value termed the ent efficiency of the energy transfer (Eapp). After photo-
compensated FRET ratio (Fa/D). The compensated FRET bleaching of YFP in fixed CD4-CFP-YFP-expressing
ratio, if no energy transfer takes place, is equal to the cells, the whole-cell fluorescence of CFP recovered by
donor crosstalk constant (d, instrument specific, here an average of 20% for multiple photobleaching experi-
d  0.99  0.01) and is independent of donor and ac- ments (Figure 2D). This allowed correlation of the com-
ceptor concentrations. When a proportion of donor mol- pensated FRET ratios with the efficiency of FRET (Figure
ecules engage in the energy transfer, Fa/D will increase 2E). Fa/D relates to the apparent FRET efficiency Eapp
above the basal value d, reflecting both the increase in according to this relationship:
the sensitized emission and the accompanying de-
Fa/D  d  G  Eapp/(1  Eapp),crease in donor emission. The compensated FRET ratio
Fa/D is equivalent to Fc/D  d as in Gordon et al. (1998). where G is an instrument-dependent factor relating theFa/D follows the proportion of donor complexed with increase of fluorescence using CY filter set to the de-acceptor; therefore, for optimal sensitivity the donor flu-
crease of fluorescence using CFP filter set due to FRETorophore should not be present in excess over the ac-
(Gordon et al., 1998). Photobleaching data were in goodceptor and must therefore be fused to the limiting pro-
agreement with the theoretical function of Eapp and Fa/Dtein. The reversal of donor and acceptor positions, such
derived from material constants (Figure 2D), confirmingthat the donor is fused to the protein that is in excess,
the validity of crosstalk compensation and the ratiomet-would result in a low or false negative result. This cannot
ric imaging of FRET.be remedied by ratioing to a product of donor and ac-
ceptor fluorescence as in FRETN (Gordon et al., 1998)
Synapse Formation with Agonist Ligandor to its square root (Xia and Liu, 2001) because both
The A18.ZC.4Y T cells were added to C5p-loaded LK35render the ratio concentration dependent (unpublished
APC in a thermoregulated imaging chamber at 37C.data). The TCR-CD3 complex is normally expressed by
T cells crawled on the substrate and rapidly formedT cells at a lower level than CD4 or CD8. Therefore, for
contacts with the APC (Figure 3A; Supplemental Moviethese studies CFP (donor) was fused with , and YFP
S1 at http://www.immunity.com/cgi/content/full/16/4/(acceptor) was attached to CD4. Unlike photobleaching-
521/DC1). This triggered vigorous ruffling of the T cellbased FRET microscopy, the ratiometric approach is
membrane followed by spreading around the APC. Fre-compatible with 3D and time-lapse experiments.
quently, T cells engaged more than one APC at a time,A potential problem would arise if either CFP or YFP
such that CD4 and  were recruited to more than oneundergoes non-FRET-related changes in the shape of
contact area. CD4 rapidly translocated into the contacttheir fluorescence spectra (hence violating the con-
area, forming one or more small clusters. CD4 clusteringstancy of the compensation factors)—for example, dur-
was noticeable as early as 10 s after observation ofing clustering or some local changes in the environment.
No such spectral changes (as opposed to quenching) initial membrane contact between the T cells and APC
Immunity
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Figure 2. Comparison of Crosstalk-Compensated Ratiometric FRET Microscopy with Donor Recovery after Acceptor Photobleaching
(A) YFP crosstalk to the FRET filter set does not change with clustering. A18 cell transfected with CD4-YFP contacts two agonist loaded LK35
APC, left and right. Intensity profiles are taken from nondeconvolved images between the dashed lines through regions of high and low
clustering and the cytoplasm. The ratio of intensity of the CY profile (blue) to the YFP profile (magenta) is shown in yellow, using the scale
on the left.
(B) CFP crosstalk does not change with clustering. A18 cell transfected with -CFP contacts an agonist-loaded APC on left. The ratio of
intensity of the CY profile (blue) to the CFP profile (white) taken through clustered and nonclustered sites is shown in yellow, using the scale
on the left.
(C) Photobleaching of YFP results in the recovery of CFP fluorescence and a drop in the ratiometric FRET signal. T cells expressing CD4-
CFP-YFP were fixed and imaged before and after each 30 s illumination pulse at 500 nm to bleach YFP. For each channel, a profile of intensity
averaged across the band indicated with dashed lines is shown, corrected for background: white, CFP; magenta, YFP; blue, CY. Below are
shown corresponding images of the compensated FRET ratio, color coded as per scale on the left. These were not masked for noise.
(D) Donor recovery for individual cells transfected with CD4-CFP-YFP (solid lines). Dashed lines correspond to the progress of YFP photobleach-
ing. CFP fluorescence was normalized to post-bleach level corrected for the residual bleaching by YFP illumination.
(E) The relationship between the compensated FRET ratio and the apparent energy transfer efficiency (Eapp) obtained by partial and complete
photobleaching of acceptor in CD4-CFP-YFP-expressing cells (circles). Solid line represents theoretical function of E and the compensated
FRET ratio derived from material constants.
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Figure 3. Observation of Multiple IS Formation by Single T Cells and Transient ISs
See also Supplemental Movie S6 at http://www.immunity.com/cgi/content/full/16/4/521/DC1.
(A) LK35 APC were labeled with Cy5 (blue), loaded with 1 	M agonist peptide, and added to A18.ZC.4Y T cells. Time 0 was set to the moment
of the first contact by T cell 1 (see label at t  2:25). CD4 and  clustered rapidly, forming two ISs. T-APC encounters were initially marked
by vigorous membrane ruffling around the contact area. Crawling T cell 2 provides an example of a short contact (1:05  t  3:40) and
transient recruitment of  and CD4 (2.25  t  2.50) followed by rapid IS dissolution.
(B) Recruitment of CD4-YFP (dark) and -CFP (light) to the contact area by different ligands presented by LK35 APC after 30 min at 1:1 T:APC
ratio. Agonist is 1 	M C5p, antagonist is 1 	M 109Ap, and null is 1 	M MCCp. Agonist  antagonist is 10 nM C5p, washed, and 10 	M 109Ap
added. Recruitment is measured as the average intensity over the IS region, less background, divided by the average intensity over the rest
of the membrane region, averaged over three optical sections 1 	m apart through the mid-cell. The percentage of T-APC conjugates showing
CD4 recruitment is shown (n 
 125).
(C) Ab blocking of non-Ag-specific CD4 clustering (percentage of T-APC conjugates showing CD4 recruitment made with a 10:1 cellular excess
of LK35 B cells, no peptide added). All Abs were added in the presence of Fc receptor blocking Ab (FcB, 2.4G2). Anti-I-Ek, 17-3-3; aI-Ad, 25-
9-17 (aI-Ab crossreacts with Ad); aEk  Ak  Ad  Ed, mixture of 17-3-3, 11-5.2, and 2G9 Abs; aLFA-1, M17.52; aICAM-1, YN1.1. Anti-CD45
(30-F11) enhanced the frequency of CD4 clustering as well as the absolute levels of recruitment (data not shown).
(D) Competition for IS formation. LK35 cells were loaded with C5p and labeled with Cy5 (blue) or with 109Ap and Cy3.5 (red) and mixed 1:1.
T cells were added and imaged for contact formation and CD4 clustering at 30 min, which was observed almost exclusively with the C5p-
loaded APCs.
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(Supplemental Movie S2 at the above URL). Frequently, 148 versus 142), suggesting that they were not intrinsi-
cally less effective in stimulation of the A18 cells. Bonethis phase, which lasted 1–2 min, was followed by
rapid, transient contraction of the cell membrane around marrow-derived macrophages, freshly isolated splenic
resting (non-blast) B cells, and I-Ek-transfected fibro-the contact area which coincided with the largest in-
crease in the overall amount of CD4 and  in the contact. blast APC did not promote the non-Ag-specific CD4
recruitment (data not shown). The non-Ag-specific CD4The intracellular calcium increased after an average la-
tency of 30 s, counting from the moment of overlap of recruitment was dependent on MHC class II on the APC,
since it was blocked by a cocktail of anti-class II AbsCFP and the Cy5 fluorescence marking the APC surface.
The initial calcium rise correlated with CD4 clustering (Figure 3C). Interestingly, we observed an increased fre-
quency of non-Ag-specific recruitment of CD4 by aCD45(data not shown). Some cells with clustered  and CD4
kept crawling on the substrate and disassembled their treatment of LK35 APC and complete blockade by
aLFA-1 or aICAM-1 Abs. Blocking of B7 with CTLA4-Igsynaptic contacts after variable (up to several minutes)
duration, as exemplified by cell 2 in Figure 3A and Sup- had only a partial inhibitory effect. Further analysis of
the nonspecific CD4 recruitment is the subject of ongo-plemental Movie S1 (see the above URL). We focused
on stable conjugates. After 30 min, CD4 reached an ing work using mice transgenic for the fluorescent  and
CD4. This finding allowed us to investigate TCR-CD4average of 6.5-fold higher density in the IS than in the
remaining membrane, whereas TCR was increased only interactions under stimulation by different strengths of
ligands, since both CD4 and TCR were available to inter-2.1-fold (Figure 3B). The low level of TCR recruitment
to the IS is consistent with earlier data where overall act in the intercellular contact site (see below).
concentration of TCR was not significantly increased in
the contact area despite TCR clustering (Monks et al., Comparison of Antagonist with Agonist
1998). and Neutral Ligands
While agonist-pulsed LK35 cells promoted intercellular
contacts with easily noticeable CD4 recruitment inSynapse Formation with Neutral Ligands
70% of T-APC conjugates within 15 min of addingWhen neutral peptide (MCCp)-loaded LK35 cells were
them to freely crawling T cells, the antagonists 113Vpoffered to the A18.ZC.4Y cells, the crawling activity of
and 109Ap produced 25% as many conjugates withT cells resulted in a similar initial frequency of T-APC
polarized CD4, comparable to the numbers obtainedcontacts. This did not trigger the intracellular calcium
with neutral or no added peptide.  was not significantlyincrease (data not shown) or rapid membrane ruffling.
increased in the contact areas, as with neutral peptidesSurprisingly, CD4 was recruited to some of these con-
(Figure 3B). However, the magnitude (unlike the fre-tact areas (Figure 4D; Supplemental Movie S5 at http://
quency) of CD4 recruitment in those cells with polarizedwww.immunity.com/cgi/content/full/16/4/521/DC1),
CD4 was similar between agonist, antagonist, and neu-but slower than with agonist (Figure 4B; Supplemental
tral ligands (Figure 3B). We tested the frequency of CD4Movie S3 at the above URL), peaking after several min-
polarization under conditions of APC competition forutes. After 30 min, the frequency of such non-Ag-spe-
the pool of T cells. Agonist and antagonist peptidescific clustering of CD4 in all T-APC contacts was 3.8-
were separately loaded on LK35 cells distinguished byfold lower than with agonist-loaded LK35 cells, but the
surface labeling with Cy3.5 or Cy5, mixed, and addedmaximal recruitment of CD4 was similar to that seen
to the T cells. CD4 recruitment to the contacts withwith the agonist (Figure 3B). Importantly, there was
agonist-bearing cells was strong but was negligible inno significant increase in the average density of  in
contacts with the antagonist-bearing cells (Figure 3D;MCCp-induced ISs (Figure 3B). This CD4 recruitment to
Supplemental Movie S6 at http://www.immunity.com/nonspecific ISs was unexpected because it was not
cgi/content/full/16/4/521/DC1). This, together with thereported in previous studies of the IS, where CD4 recruit-
fast kinetics of CD4 polarization by the agonist, sug-ment was only seen with agonist (Krummel et al., 2000;
gested that agonist TCR stimulation provided an activeKupfer et al., 1987) and with antagonist ligands (Huang
component directing CD4 recruitment.et al., 2000). However, a recent report showed non-Ag-
specific IS formation with dendritic cells (DC) (Revy et
al., 2001). We tested various APCs for the frequency of Visualization of FRET in Recognition of Agonist,
Antagonist, and Neutral Ligandsnon-Ag-specific CD4 clustering. Mature but not imma-
ture A/J bone marrow-derived DC supported CD4 clus- We took advantage of the serendipitous finding of CD4
recruitment under both Ag-specific and nonspecific cir-tering during presentation of null (MCCp, HELp) or no
added peptide to the transfected A18 cells, as did some cumstances by some APC to compare CD4- interac-
tions at similar local ratios of acceptor to donor in the(LK35, TA3, both H2k/d) but not all (CH1, H2k, M12, H2d)
B cell tumor APC (data not shown). The same pattern contact sites. The LK35 B cell tumor was used as APC
because it supports a significant frequency of CD4 clus-was also observed using CD4-GFP-transfected 2G7.1
T cell hybridoma (recognizing HEL[1-18]/Ek), suggesting tering irrespective of the peptide added. Time-lapse
FRET analysis of the T-APC interactions showed an in-that this response depends on the APC. The CH1 cells
promoted CD4 and TCR clustering when loaded with creased compensated FRET ratio in ISs formed with
APCs presenting the agonist over the 3–30 min periodthe agonist peptide, but the H2d-bearing M12 cells did
not, excluding crossreactivity with H2d molecules. The imaged (Figure 4A; Supplemental Movie S3 at http://
www.immunity.com/cgi/content/full/16/4/521/DC1)CH1 cells were as efficient as LK35 in presentation of
agonist peptide for IL-2 secretion and expressed slightly still detectable after 2 hr (Supplemental Movie S4 at the
above URL). The earliest time points (0–3 min) werehigher I-Ek on the surface (mean fluorescence intensity
FRET Imaging of TCR-Coreceptor Interactions
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Figure 4. Agonist Peptide Induces Molecular Interaction between CD3 and CD4 in the Immunological Synapse
Time-lapse experiment for A18.ZC.4Y cells interacting with agonist C5p ([A] and [B]) or neutral MCCp ([C] and [D]) presented on LK35 cells.
In (A) and (C), compensated FRET ratio images are color coded (see scale bar). (B) and (D) show fluorescence images (CD4-YFP in false color
red, -CFP in green). The FRET sequence shows a strong FRET signal in the IS with agonist over the course of the experiment. CD4 is recruited
much slower to the site of interaction with MCCp-APC than for the agonist ligand and the FRET signal is low (see Supplemental Movies S3
and S5 at http://www.immunity.com/cgi/content/full/16/4/521/DC1). (E) shows confirmation of FRET elicited by agonists in the IS using donor
recovery after acceptor photobleaching. Conjugates of A18.ZC.4Y T cells with LK35 cells loaded with 1 	M agonist C5p were fixed at 15 min,
and YFP was bleached with 30 s pulses of 500 nm light followed by 0.3 s exposures for CFP, YFP, and CY. Profiles of fluorescence intensity
are shown for CFP (magenta), YFP (white), and CY (blue) averaged between dashed lines encompassing an IS on the left. Maximum intensity
readings averaged across the IS are shown in the upper right corners using the same color scheme. CFP fluorescence in the contact recovers
by 11%. (F) shows averaged donor recovery in contact sites (circles) and in noncontact sites of the cell membrane (triangles), corrected for
bystander bleaching of CFP by YFP illumination. Squares represent progress of YFP photobleaching. (G) shows that the degree of donor
recovery in agonist-induced contact areas does not depend on the molecular ratio of acceptor to donor, above 1:1. Molecular ratios of YFP
to CFP were determined based on reference cells expressing CFP and YFP stoichiometrically, using the CD4-CFP-YFP construct and allowing
for CFP recovery.
difficult to image for FRET due to the vigorous mem- that the increased compensated FRET ratios observed
in the agonist-induced ISs were due to FRET, we fixedbrane ruffling during this time. Little FRET signal was
obtained from the interaction with the neutral-peptide- the T-APC conjugates at 15 min and analyzed donor
recovery after acceptor photobleaching. Photobleach-loaded APC (Figure 4C; Supplemental Movie S5 at the
above URL) despite CD4-YFP recruitment creating lo- ing YFP resulted in an average 11% increase in CFP
fluorescence. Crucially, this was localized in the cell-cally similar or higher acceptor to donor ratios. To verify
Immunity
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cell contact regions and was not present in other parts did not obligatorily correspond to that of , confirming
this aspect of previous observation of differences inof the T cell membrane (Figure 4E). To further distinguish
FRET due to specific molecular interaction from FRET recruitment of  and CD4 (Krummel et al., 2000). Never-
theless, the degree of coclustering was remarkable:driven by molecular crowding, we analyzed FRET effi-
ciency measured by the donor recovery as a function 54% of clustered  localized with clustered CD4, and
42% of clustered CD4 (defined as 2-fold increase aboveof acceptor to donor ratio (Kenworthy and Edidin, 1998).
This showed no correlation above the 1:1 ratio (Figure membrane average) colocalized with clustered  in ago-
nist-induced ISs. We did not observe conjugates in4G). These experiments show that the energy transfer
was due to a close and Ag-specific interaction of CD4 which CD4 was excluded outside the perimeter of the
contact area up to 2 hr after mixing the cells together.with the TCR-CD3 complex. Furthermore, the cluster-
ing of the CD4 in the IS can be decoupled from the 3D reconstruction of FRET between -CFP and CD4-
YFP revealed that the elevated FRET signal extendedinteraction with . We tested whether the lck (and other
src kinase)-inhibitor PP1 modulates the interactions re- across the agonist-induced ISs. Analysis of whole cells
in 3D demonstrated that the FRET signal was limitedvealed by FRET, since lck phosphorylates . PP1
blocked neither the FRET signal nor CD4 recruitment. to the contact areas and absent in the remaining cell
membrane. Observation of many agonist-induced ISsA very low basal FRET signal was present in the noncon-
tacting membrane and in resting cells. Earlier evidence showed that for high concentration of agonist peptide
loading (1 	M) the high FRET signal Fa/CFP 
 1.4 wasindicated an association between a small proportion of
TCR and CD4, or an interaction after TCR crosslinking present in the sites of clustering of either CD4 or  as well
as in areas of lower concentration of either molecule. Atwith Ab (Anderson et al., 1988; Beyers et al., 1992; Mittler
et al., 1989; Rojo et al., 1989; Vignali et al., 1996). The low concentration of agonist (10 nM), FRET tended to
follow CD4 clustering. Both the neutral and antagonistvery low level of FRET (Fa/CFP  1.1) that we saw on
the cell surface may represent a certain basal level of ligands promoted only low-level FRET in the contact
areas (Figures 5B and 5C). This was evident even in thespecific or random collision-driven TCR-coreceptor in-
teraction, for instance, between the molecules in lipid sites of strongest CD4 clustering, i.e., where the high
acceptor to donor ratio was most favorable for FRET.rafts.
We compared FRET between ligands by quantitating
average Fa/CFP in contact areas (Figure 5D). To evaluateSpatial Analysis of Clustering and FRET in 3D
the differences statistically, we determined the meanWe acquired simultaneous 3D image stacks of live
difference (FRET) between the treatments that is signif-T-APC conjugates for CFP, YFP, CY, as well as Cy5
icant at a preset confidence level (95%; mean differenceused to label APCs. To define the contact sites in 3D,
hypothesis using Student’s t test assuming differentwe used the overlap between the fluorescence of T cells
variances). The agonist induced a clearly higher cross-and APCs. This allowed us to assign FRET and analyze
talk compensated FRET ratio (1.82) compared to therelative clustering of  and CD4 strictly in the contact
neutral peptide (1.17), giving FRET 0.56. The averageareas. We chose to compare CD4-enriched contact ar-
FRET signal for antagonist (1.27) was only slightly aboveeas acquired at 3 min and 30 min time points, i.e., when
the neutral peptide control: FRET  0.038. The differ-there were discernible CD4-enriched ISs formed with
ence between agonist and antagonist was significant:neutral and antagonist peptides as well as with the ago-
FRET  0.45. The signal for neutral ligand was withinnist. In agonist-induced ISs,  clustered (defined as
the basal value of the compensated FRET ratio observed
2-fold increase above the average membrane fluores-
for membranes outside contacts: 1.10 (P 
 0.05). Usingcence) in several sites throughout the contact area with
the calculated relationship between the apparent effi-a single centrally positioned cluster identifiable in many
ciency of energy transfer (Eapp) and the compensated(50%, e.g., Figure 5A) but not all conjugates (e.g., Fig-
FRET ratio (Fa/CFP) (Figure 2E), we have estimated Eappure 5E). This is different from the uniform observation
in live (nonfixed) ISs made with agonist-, antagonist-,of a single central TCR cluster in nonhybridoma T cells
and neutral ligand-presenting LK35 cells to be 15.5 (Grakoui et al., 1999; Monks et al., 1998) and is reminis-
3.6%, 5.9  2.8%, and 3.7  2.3%, respectively.cent of the heterogeneity noted by Krummel et al. (2000).
To relate CD4 and  to the previously described pSMAC,
we fixed cell conjugates after 30 min, stained with Inhibition of FRET by Peptide Antagonism
The response of A18 T cells to suboptimal concentra-aLFA-1, and imaged LFA-1, , and CD4. LFA-1 was dis-
tributed peripheral to both  and CD4 (Figure 5E). Al- tions of agonist C5p can be antagonized by altered ver-
sions of the agonist peptide, 113Vp and 109Ap. Wethough  was not significantly increased in antagonist
and neutral ISs (Figure 3B), it was distributed in a nonuni- loaded LK35 cells with 10 nM of agonist peptide and
compared IS formation by the A18.ZC.4Y T cells in theform, patchy manner (Figures 5B and 5C). A basal level of
fluorescence of -CFP was apparent throughout contact presence of antagonist or neutral peptides after 3 and
30 min. The recruitment of  was still detectable at thisareas, such that there were no sites from where  was
excluded, at least at the resolution offered by optical concentration of agonist ligand. Interestingly, excess
antagonist peptide added to agonist-loaded APC diddeconvolution microscopy (250 nm). Therefore both
clustered and nonclustered populations of TCR-CD3 not prevent the recruitment of  to the contact areas.
Likewise, the overall enrichment of CD4 in contacts wascomplex coexist in the T-APC contact areas even as
late as 30 min after the formation of cell conjugates. similar in the presence of neutral and antagonist pep-
tides added to agonist-loaded APC (Figure 3B, see alsoCD4 also clustered in multiple sites within the contact
areas. The spatial pattern of CD4 clustering by agonist Supplemental Movies S7 and S8 at http://www.immunity.
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Figure 5. Distribution of CD4, , and FRET in ISs with Agonist, Antagonist, and Neutral Ligands
Panels (a)–(d) show sections through the mid-cell, whereas (e)–(h) show en face max intensity projections of contact areas defined in 3D by
the T-APC fluorescence overlap. (d) and (h) show the donor-ratioed compensated FRET image (see scale in [D]). Patterning of CD4 and  in
agonist ISs was variable; about half of the conjugates showing a central cluster of  and the rest multiple clusters. High FRET was detected
only with the agonist C5p (A) but not with antagonist 109Ap (B) or neutral MCCp (C), each at 1 	M. Scale bars are 5 	m. (D) shows average
FRET signals obtained from stimulation of living A18.ZC.4Y cells by agonist, antagonist, and neutral ligands at 1 	M. FRET signal was
calculated as the average signal over a cross-section across the whole of the interaction area between the T cell and the APC. A control of
the signal calculated from noncontact areas of the imaged cells is also presented. Error bars represent SD. Significance of the difference
from C5p result (n  25) was calculated by two-tailed Student’s t test. For 109Ap (n  27), p  7.1  1015; for MCCp, (n  22) p  3.7 
1017. The difference between 109Ap and MCCp is also significant (p  0.003). The statistically significant mean difference between FRET
with agonist and the neutral peptide was 0.56, and between antagonist and neutral peptide it was 0.038 (95% confidence level). (E) shows
the distribution of , CD4, and LFA-1. Cell conjugates with agonist APC were fixed after 15 min and stained with aLFA-1. Clustered LFA-1
was peripheral to both  and CD4 with a partial overlap.
com/cgi/content/full/16/4/521/DC1 for whole-cell 3D dent’s t test, confidence level 95%). The FRET signal
did not increase above the 30 min level at late timerenderings of T cells with such ISs). Elevated FRET sig-
nals were clearly detectable in the presence of MCCp points (data not shown). Thus, antagonist peptides had
a negative effect on the close-range interaction of  andadded to agonist-loaded APC (Figures 6D, 6H, and 6Q).
Spatially, FRET correlated with the distribution of CD4 CD4. This also suggested that the molecular interaction
between coreceptor and the TCR complex can be de-clustering in the contact areas. Analysis of ISs formed
in the presence of either of the antagonists, when added coupled from their clustering.
to agonist-loaded APC, resulted in decreased FRET sig-
nal across the IS compared with the neutral peptide Discussion
treatment. This effect was especially evident within the
first 3 min after cell contact: for 109Ap, FRET  0.37;  and CD4 Recruitment during Ag Recognition
There is conflicting evidence on CD4’s role in TCR sig-for 113Vp, FRET 0.31 (Figures 6L, 6P, and 6Q). FRET
was still significantly lower than with the neutral peptide naling. The coreceptor model postulates formation of a
ternary complex between TCR, MHCp, and CD4, contin-at 30 min: for 109Ap, FRET 0.26; for 113Vp, FRET
0.33 (all statistically significant differences; FRET was gent on TCR binding to MHCp. Alternatively, the ternary
complexes may never form, each of TCR-MHC, TCR-calculated using the mean difference hypothesis of Stu-
Immunity
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Figure 6. Inhibition of -CD4 Intermolecular Interaction by Antagonist but Not I-Ek Binding Neutral Peptide
The left column ([A], [E], [I], and [M]) shows the rotated -CFP image of the ISs, and the second column ([B], [F], [J], and [N]) shows the CD4-
YFP image. The third column ([C], [G], [K], and [O]) shows the overlaid false color images of -CFP (green) and CD4-YFP (red). The right
column ([D], [H], [L], and [P]) shows the compensated FRET ratio image (see scale in [Q]). (A)–(D) show an IS between an A18.ZC.4Y cell and
10 nM C5p-loaded LK35 cells in the presence of 10 	M MCCp 3 min after the T-APC interaction. (E)–(H) show the same interaction after 30
min. Strong FRET indicates that the -CD4 interaction is not compromised by the presence of the neutral peptide. (I)–(L) and (M)–(P) show an
IS between an A18.ZC.4Y cell and 10 nM C5p-loaded LK35 cells in the presence of 10 	M antagonist 109Ap 3 min ([I]–[L]) and 30 min ([M]–[P])
after T-APC contact. The FRET signal at 3 min is much reduced compared to the MCCp control, though it is slightly recovered at 30 min. 
and CD4 are partially colocalized in the ISs. Scale bars are 5 	m. (Q) shows FRET signals (see Figure 3 legend) obtained from multiple IS
measurements with 10 nM agonist plus 10 	M MCCp or the antagonists 109Ap and 113Vp. The significance of the difference from result
obtained in the presence of MCCp (n  20) was: C5p  109Ap 3 min (n  23), p  3.0  1012; C5p  109Ap 30 min (n  21), p  2.8 
109; C5p  113Vp 3 min (n  7), p  4.7  106; C5p  113Vp 30 min (n  21), p  4.8  1011. Mean differences (t test, different variances,
95% confidence level) were as follows: MCCp/109Ap at 3 min, 0.37; at 30 min, 0.26; MCCp/113Vp at 3 min, 0.31; at 30 min, 0.33.
CD4, and CD4-MHC interactions being separated tem- study. First, we noted a quantitative difference in the
recruitment of CD4 and , namely that CD4 was recruitedporally and/or topologically while still being functionally
interrelated by indirect mechanisms. Direct proof of the very efficiently to the T-APC interface (6.5) compared
to  (2.1). Second, we demonstrated that the spatialternary complexes is still lacking, although the TCR-
MHCp and CD4-MHC interactions involved in this tri- pattern of CD4 recruitment in the presence of agonist
was indeed not identical to that of , although overlap-angle, and to a lesser extent, TCR-CD4, are well doc-
umented on their own. The simple coreceptor model ping. We failed to observe departure of CD4 from the
contact area such that it would collect outside of TCR. Inpredicts a correlated accumulation of CD4 and TCR
within the T-APC contact area as well as detection of fact, despite differential clustering, the overlap between
clustered  and CD4 was such that about 50% of eachphysical contact between TCR and CD4, concomitant
with engagement of MHC. Differential regulation of  species was coclustered with the other as late as 30
min after the cell encounter. Several differences inand CD4 distribution in the IS was reported recently
(Krummel et al., 2000), revealing that CD4 leaves the experimental design could explain and put limits on dif-
ferent conclusions drawn from Krummel’s and our data.center of the IS, where clustered TCR would normally
reside, and indirectly suggesting that their interaction Partial colocalization between  and CD4 would be diffi-
cult to notice by comparison of single-color fluorescentis at best no longer than several minutes and therefore
too short to be responsible for sustained signaling.  and CD4 expressed in different cells, as opposed to
simultaneous visualization in the same cells by multi-These data raised questions about the coreceptor func-
tion of CD4 (Krummel et al., 2000). Our data confirm color imaging, as in our system. Notably, significant
fluorescence overlap was apparent in Ab staining ofsome aspects of the asynchronous regulation of  and
CD4, with important differences regarding the extent of fixed conjugates (Krummel et al., 2000). Another factor
may be the overall relatively weak recruitment of CD4-their physical interaction. The independent regulation
of TCR and CD4 was manifest in several ways in our GFP observed by Krummel, possibly due to competition
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with endogenous CD4, compared to strong CD4-YFP peptides or for recognition of Ag at low concentration.
CD4 clustering may be responsible for generation ofrecruitment observed here in cells without endogenous
CD4. It is also likely that the A18 T cell hybridoma used unique signals—for example, to transiently modulate
cell adhesion (Mazerolles et al., 1990). It will be importantby us regulates its TCR and CD4 differently than the
D10 T cell clone used by Krummel. Hybridoma cells to find out whether non-Ag-specific CD4 polarization
occurs and is important for in vivo function of helpermay retain some characteristics of both the activated
effector T cell and the BW thymoma fusion partner. T cells.
This could be also responsible for the pattern of multiple
 clusters throughout the intercellular contact area ob- -CD4 Interaction Measured by FRET
served here, as opposed to a single central TCR cluster By imaging FRET between the CFP and YFP tags, we
(Monks et al., 1998).  fluorescence may report the posi- demonstrated that presentation of agonist but not neu-
tion of complete TCR-CD3 complexes plus additional tral or antagonist peptides by APC supported molecular-
clusters of just dissociated and/or recycled  due to range proximity between CD4 and  in the IS for at least
TCR recognition (Liu et al., 2000). A fuller picture should the first 30 min of contact. The differences in FRET signal
emerge when more TCR systems and T cell types are between types of ligands may reflect differences in the
analyzed for IS formation. Nevertheless, our data show formation of new interactions between  and CD4 or
that T cell activation may proceed with multiple dis- could arise from ligand-dependent rearrangements in
persed clusters of  versus a single cSMAC. preformed TCR-CD3-CD4 complexes. The latter possi-
bility seems unlikely, since CD4 could cluster without 
in non-Ag-specific conjugates and only 5% of CD4 wasNon-Ag-Specific CD4 Recruitment
We observed CD4 recruitment to the T-APC contact reported to associate with TCR without stimulation (An-
derson et al., 1988). The FRET efficiency of 14% (averageareas in a low proportion of conjugates made with some
APCs loaded with neutral or antagonist peptides. Until for agonist IS) and 18% (local max.) is similar to data
reported for self-associated Fas molecules tagged withrecently, the recruitment of CD4 was reported only for
agonist (Krummel et al., 2000; Kupfer et al., 1987) or, by CFP and YFP (Siegel et al., 2000) and is close to values
we measured using a covalent fusion of CFP-YFP withothers, for agonist and at about half this frequency for
antagonist-induced T-APC conjugates (Huang et al., CD4. This suggests that a significant proportion of 
engages in molecular interaction with CD4 both in early2000). On the other hand we, like others (Grakoui et al.,
1999; Monks et al., 1998), saw TCR- recruitment only (3 min) and in late time points (30 min), despite the
nonsynchronous regulation. How is it possible that by the agonist but not by neutral or antagonist ligands,
whereas it was reported for antagonist ligand for another and CD4 can both differentially cluster and interact?
This could be envisaged in light of a dynamic, flow-system (Huang et al., 2000). TCR and coreceptor recruit-
ment to the IS in the absence of Ag has now been through view of TCR in the IS. Based on our and other
data (Krummel et al., 2000), we noted that at any givenreported in ISs formed with DC (Revy et al., 2001). These
discrepancies may stem from several reasons, the most time point the T-APC junction is occupied not only by
proteins in their clustered form but also nonclusteredlikely being fine differences between the characteristics
of T cells and APCs in different systems. Another possi- proteins present at a “basal” density. This basal density
has usually been left out of analysis in favor of the clus-bility is that non-Ag-specific T-APC conjugates with
capped CD4 formed slower than the time frame of earlier tered populations, which were equated with ligand-
bound molecules. Spatial analysis of FRET revealed thatstudies and, being mechanically less stable than their
agonist and antagonist counterparts, could be more it extends into the nonclustered populations of , espe-
cially at higher levels of agonist loading of the APC. Itreadily observed under conditions of free crawling of
cells, as in this study, rather than where handling of is thus possible that new -CD4 binding events take
place within this population and then move to the clus-cell suspensions is involved. CD4-dependent cell-cell
adhesion mediated by LFA-1 interactions in the absence tered pool. Receptor internalization eventually occurs,
most likely within the clusters, and if it proceeds atof TCR was reported before (Kinch et al., 1993). CD4-
MHC class II interaction was required for the non-Ag- different rates for TCR and CD4, it would contribute to
the differential but overlapping pattern of clusteringspecific CD4 recruitment in this study, since it was
blocked by a cocktail of anti-class II Abs. We found seen at steady state. Thus at any given time point the
cell contact would be populated by variable proportionsthat some but not all B lymphoma APC, otherwise fully
competent in agonist activation, supported low fre- of TCR-CD3 nonclustered-noninteracting, nonclus-
tered-interacting, clustered-interacting, and clustered-quency of CD4 recruitment without added Ag. This sug-
gests that the non-Ag-specific CD4 recruitment is at dissociated forms. FRET experiments in this study were
designed to detect interactions between CD4 and the least partly dependent on the APC and not solely a
property of the T cell. More importantly, we also noted chain of TCR-CD3 complex (which are most likely re-
sponsible for signaling) rather than interaction betweenthat mature bone marrow-derived DC induced CD4 re-
cruitment, unlike ex vivo B cells and bone marrow mac- the MHC-bound TCR and CD4. Therefore, our data
are compatible with the coreceptor function of CD4 butrophages. The Ag-independent CD4-recruitment data
suggest a novel function for the coreceptor: to concen- do not prove the existence of the ternary TCR-MHC-
CD4 complex. Upon CD4 coengagement, the signalingtrate the appropriate class of MHC in the IS and/or to
position it for interaction with the TCR. This would create complex may disassemble (Liu et al., 2000) such that
the  homodimer remains interacting with CD4, whilefavorable conditions for TCR to quickly scan large num-
bers of MHCp molecules, aiding in scanning of self- the rest of the TCR is internalized. When imaging FRET
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moter using the backbone of pEYFP (Clontech) with puromycin re-under conditions of peptide antagonism, antagonist
sistance for CD4-YFP and neomycin resistance for -CFP. Transfec-peptides specifically inhibited molecular interaction be-
tions for stable expression were done with FuGene (Boehringer-tween  and CD4. The kinetic proofreading model of
Mannheim) or Lipofectamine 2000 (GIBCO). Cells were maintained
TCR-mediated selective recognition of peptide-MHC li- in IMDM medium and were sorted for the levels of CD4 expression
gands postulates that agonist signaling is the result of comparable to the CD4-positive A18 cells by gating on the YFP
fluorescence and confirming with aCD4-allophycocyanin (Phar-a multistep signaling sequence elicited by long-term
mingen).TCR-MHCp engagement, while the incomplete early
steps elicited by shorter TCR-MHCp engagement would
Cell Handling and Image Capturegenerate partial, inhibitory signals (Davis et al., 1998;
All aspects of control of filter wheels, stage movement, data acquisi-McKeithan, 1995). The biological phenotype of agonists
tion, and processing, including deconvolution (the point-spread
and antagonists correlates fairly well, with some excep- function-based iterative algorithm), were performed using the Del-
tions, with the half-life of the MHCp-TCR interaction as taVision system (Applied Precision) with an Olympus IX70 micro-
measured in solution, with agonists generally binding for scope, 100 W mercury lamp, and a KAF1400 chip-based cooled
CCD camera. Exposure times were 0.1–0.5 s with no or 2-binning,longer than antagonists (Davis et al., 1998; Gascoigne et
60 1.2 water or 60 1.4 or 100 1.35 oil objectives. Live cells wereal., 2001). The exact nature of late molecular associa-
imaged in HEPES-buffered 199 (low riboflavin autofluorescence)tions responsible for full signaling through TCR is not
medium (GIBCO) with 5% fetal calf serum, no antibiotics, maintained
clear, likely candidates being TCR multimerization and/ at 37C by the FCS2 live imaging chamber and an objective heater
or coreceptor engagement (Davis et al., 1998; Gas- (both from Bioptechs). Specifically, APCs were introduced to the
coigne et al., 2001). Complete signaling by coreceptor- prewarmed imaging chamber containing T cells attached to the
glass bottom conditioned with poly-D-lysine (Sigma). To slow downdependent TCRs would be dependent on coreceptor
T cell movement in some high-resolution experiments, the cells werebinding the TCR-MHCp complex, resulting in full phos-
cooled to 10C for the duration of 3D data acquisition and broughtphorylation of  and ZAP-70 activation by coreceptor-
back to 37C afterwards. This did not affect the FRET results. For
associated lck (Madrenas et al., 1997). In the presence of fixed cell imaging, T cells and APCs were spun down and incubated
excess antagonist ligands, TCR would be sequestered for 15 min at 37C, then fixed with 1% formaldehyde and permeabil-
away from agonist into shorter-lived TCR-antagonist- ized with 0.3% saponin. After staining with aLFA-1 Ab (M17.52) and
streptavidin-allophycocyanin (Pharmingen), cells were deposited onMHC complexes kinetically unable to engage corecep-
poly-lysine-treated chambered coverslips (LabTech II) in PBS-glyc-tor. Our data directly demonstrate that antagonist pep-
erol. Cell conjugates were imaged for CFP and YFP using the sametides specifically diminish TCR-CD4 interaction in the
optical filters as for FRET, described below. Allophycocyanin was
IS, thus confirming the primary prediction of this model detected using the Cy5 filter combination. For photobleaching, the
and emphasizing CD4’s role in proofreading or “quality permeabilization and staining steps were omitted and nonlabeled
control” of TCR-MHC engagements. LK35 cells were used.
The key feature of the proofreading function of CD4
3D Specification of Intercellular Contactsis that it would provide a threshold in signal amplification
The contact areas were only occasionally flat enough to be preciselyas opposed to linear, indiscriminate amplification of all
contained in a rectangular volume to be projected face-on. BrightTCR-MHC binding events. The proofreading function
granules and other intracellular structures were often present di-
does not require that CD4 contribute additional ener- rectly beneath the IS. These, as well as the noncontacting cell mem-
getic stability to TCR-MHC interaction or that the puta- brane, would contribute to the max intensity projection and needed
tive ternary TCR-MHC-CD4 complex is long lived. In to be excluded. Therefore, for each conjugate we calculated the
cross-section of a low-threshold 3D binary mask taken from a de-fact, a consequence of this model is that the CD4 to
convolved stack of CFP  YFP images, with a 3D mask of Cy5TCR-MHC binding might require overcoming an ener-
(outlining the Cy5-labeled surface of the APC). This produced a thingetic barrier, resulting in a kinetic discrimination be-
binary surface exactly imprinting one cell on another. This was then
tween short- and longer-lived TCR-MHC complexes. For multiplied by each fluorescence channel and FRET, effectively purg-
example, such a barrier could be due to a requirement ing the data from all noncontact voxels. Cy5 or Cy3.5 labeling of B
to change the accessibility or conformation of TCR/MHC cells was done 20 hr prior to experiments by incubating cells washed
3 times in PBS with 0.1 mg/ml of Cy5 succinimidyl ester (Amersham)or CD4, dimerize or dedimerize CD4, or for CD4-LAT to
in PBS on ice for 15 min, washing with PBS, and quenching withdissociate to allow the CD4 to interact with TCR/class
10% fetal calf serum in IMDM medium. This resulted in low-intensityII, among many possibilities. This discriminatory effect
surface labeling which did not affect APC viability, T cell activa-
would be then imposed by the signal amplification func- tion assays, or any aspects of IS formation compared with nonla-
tion provided by the intracellular association with lck. It beled APC.
will be important to employ our FRET approach to search
for other protein-protein interactions during Ag recogni- Details of FRET Analysis
We devised a 3-filter set algorithm for the crosstalk compensationtion and to monitor internal rearrangements of the TCR
and extraction of donor-normalized FRET information based on pre-complex.
vious work (Gordon et al., 1998; Tron et al., 1984; Youvan et al.,
1997) and our modifications. The crosstalk fractions of YFP into the
CY image and CFP into the CY image were calibrated using T cellsExperimental Procedures
transfected with either CD4-YFP or -CFP alone. These were c 
0.215 and d  0.99, respectively. To calculate FRET, Z-stacks orConstructs and Cells
Enhanced YFP (EYFP; Clontech) was attached to the intracellular time-lapse series of images were acquired, such that for each focal
position or time point three exposures were registered for YFP, CY,terminus of CD4 through a five-amino acid linker (GGAAS). The
-CFP construct was made by cloning mouse  by RT-PCR from and CFP: YFP excitation (band pass 500/20 nm)/YFP emission (535/
30 nm), CFPex (436/10 nm)/YFPem (535/30 nm), and CFPex (436/total thymic RNA such that the stop codon was replaced with a six-
amino acid linker (GGGAAS) followed by ECFP (Clontech), in which 10 nm)/CFPem (470/30 nm), as well as for Cy5 (640ex/20 nm)/
(685em/40 nm). The same multibandpass dichroic mirror was inwe incorporated the K238N (Palm et al., 1997) mutation to improve
folding. The constructs were placed under control of the CMV pro- place for all exposures. All filters and the dichroic mirror (JP4) were
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from Chroma Inc. The images were corrected for fluctuations of the Beyers, A.D., Spruyt, L.L., and Williams, A.F. (1992). Molecular asso-
ciations between the T-lymphocyte antigen receptor complex andmercury lamp based on photosensor readings during exposures.
Camera registration was ascertained by 3D imaging of nanometer the surface antigens CD2, CD4, or CD8 and CD5. Proc. Natl. Acad.
Sci. USA 89, 2945–2949.size test beads using all filter combinations. Likewise, the linearity
of each pixel response was tested and calibrated using automated Davis, M.M., Boniface, J.J., Reich, Z., Lyons, D., Hampl, J., Arden,
procedures of the SoftWorx software (Applied Precision). No photo- B., and Chien, Y. (1998). Ligand recognition by  T cell receptors.
bleaching correction was applied to images so as to preserve rela- Annu. Rev. Immunol. 16, 523–534.
tive quantitative information. Background was subtracted based on
Gascoigne, N.R.J., Z˙al, T., and Alam, S.M. (2001). T-cell recep-local fluorescence averaged from a user-specified, cell-free region
tor binding kinetics in T-cell development and activation. Exp. Rev.of each image. Images were deconvolved for visualization and mask
Mol. Med. 12 February, http://www-ermm.cbcu.cam.ac.uk/calculations only, but FRET analysis was done on nondeconvolved
01002502h.htm.data to avoid problems with the nonlinearity of deconvolution.
Gordon, G.W., Berry, G., Liang, X.H., Levine, B., and Herman, B.Therefore, FRET images are effectively lower resolution than accom-
(1998). Quantitative fluorescence resonance energy transfer mea-panying deconvolved fluorescence images. To remove the YFP
surements using fluorescence microscopy. Biophys. J. 74, 2702–crosstalk from each CY image, a fraction (c) of the corresponding
2713.YFP image was subtracted on pixel by pixel basis. The resulting
acceptor-corrected CY image (Fa) was then divided by the corre- Grakoui, A., Bromley, S.K., Sumen, C., Davis, M.M., Shaw, A.S.,
sponding CFP image, producing a corrected FRET ratio image (Fa/ Allen, P.M., and Dustin, M.L. (1999). The immunological synapse: a
CFP), which was color coded on a scale 1 to 2. (Note that higher molecular machine controlling T cell activation. Science 285,
values are possible but that this range contained most of the data.) 221–227.
The FRET image was masked such that only those areas were
Hampl, J., Chien, Y., and Davis, M.M. (1997). CD4 augments the
accepted where CFP intensity was at least 10 noise level. For 3D
response of a T cell to agonist but not to antagonist ligands. Immu-
FRET imaging of ISs, a volume mask specifying the IS surface was
nity 7, 379–385.
applied (see above). This was rotated face-on for max intensity
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